tensinogen, a 53-kDa protein constitutively secreted into the circulation by the liver. AngII has long been known to be a potent vasoconstrictor (12, 13) that can also increase sodium and water reabsorption along the nephron, as well as lead to secretion of aldosterone from the adrenal gland and activation of the sympathetic nervous system. AngII has thus been implicated in an increase in systemic blood pressure and extracellular fluid volume. In addition to systemic hemodynamic effects, AngII influences renal hemodynamics and glomerular filtration rate. It causes vasoconstriction of glomerular arterioles through the release of thromboxane A2 (14) .
It has been recognized that in addition to the circulating systemic RAS, local RAS exists in several major organs, including the kidney, heart, brain, adrenal gland, and vascular endothelium (15) (16) (17) (18) (19) . This tissue-specific activation of RAS can be disconnected from the systemic RAS, as evidenced by 1000 times higher levels of AngII in the peritubular capillary and the proximal tubule compared with the circulating AngII levels (20) . AngII is thus an endocrine, paracrine, and intracrine factor.
AngII exerts multiple adverse hemodynamic and nonhemodynamic effects on renal cells that are mediated by AT-1R. Some of the nonhemodynamic effects include inflammatory cell infiltration, oxidative stress, and renal fibrosis. It has been demonstrated that intra-renal AngII may be more important for progression of renal injury than systemic AngII (21) (22) (23) (24) . Indirect evidence suggests that PTECs are sites of intra-renal AngII accumulation (25, 26) , and recent in vivo studies identified the PTEC as a key site in blood pressure regulation by AngII (27) . Additionally, AngII leads to PTEC growth, differentiation, and sodium retention (28) . The function of PTECs is regulated by both circulating and locally formed AngII (29, 30) . All major components of RAS have been demonstrated in PTECs (31) (32) (33) (34) . AT-1R is highly expressed in PTECs and acts as the main signaling receptor of AngII. In clinical histopathology, tubular atrophy and interstitial fibrosis are the hallmarks of progression of all CKDs, implicating these cells in the pathophysiology leading to end stage renal disease. Finally, PTECs communicate directly with urine in vivo and secrete potentially important proteins that could be detected by examining this biofluid.
The aim of this study was to identify novel proteins that reflect PTEC response to AngII. We identified the proteome of primary human PTECs after exposure to AngII, and we compared it with nontreated PTECs by using stable isotope labeling of amino acids in cell culture (SILAC). This enabled us to define AngII-regulated proteins. We then verified candidates by a combination of quantitative (qRT)-PCR, ELISA, and selected reaction monitoring (SRM). We also performed bioinformatics-based and in vivo validation of our main findings in mice treated with AngII.
EXPERIMENTAL PROCEDURES
Cell Culture-Primary human renal PTECs were purchased from Lonza Walkersville Inc. These cells originated from three different individuals from different age groups, both male and female. They were cultured in custom-made Dulbecco's modified Eagle's medium (DMEM), free of arginine and lysine (AthenaES), and supplemented with 10% v/v dialyzed fetal bovine serum, 10 ng/ml EGF, 5 g/ml transferrin, 5 g/ml insulin, 0.05 M hydrocortisone, 50 units/ml penicillin, and 50 g/ml streptomycin. Heavy arginine ( 13 C 6 ) and heavy lysine ( 13 C 6 15 N 2 ) were added to DMEM "heavy" bottles used to incubate heavy (H)-labeled cells, whereas light arginine ( 12 C 6 ) and lysine ( 12 C 6 14 N 2 ) were added to "light" DMEM used to incubate light (L)-labeled cells, as described previously (35) . Cells were divided into two populations (H and L), and incubated in their respective media for six doubling times until passage 6. Once labeled, cells were grown in T75 flasks to ϳ80% confluence. They were then serum-deprived for 18 h and subjected to 10 Ϫ7 M (final concentration) AngII or control (medium alone). Following stimulation, PTECs were incubated for 8 h. Conditioned medium (supernatant) representing the cellular secretome was collected and stored at Ϫ80°C. Cells were then washed three times with PBS, harvested with trypsin, and snap-frozen at Ϫ80°C until further analysis. All cells were cultured in a humidified incubator at 37°C and 5% CO 2 . All media were freshly made and filtered using a 0.22-m syringe filter.
PTECs used for Western blotting, qRT-PCR, and ELISA experiments were grown in DMEM with a glucose concentration of 4.5 g/liter (Invitrogen). The medium was enriched with 10% v/v fetal bovine serum (FBS), and cells were otherwise treated the same as in SILAC experiments.
Proteomic Studies of SILAC-labeled PTECs Using Two-dimensional LC-MS/MS-Cell pellets were thawed on ice, resuspended in 200 l of 0.2% w/v acid-labile detergent RapiGest SF (sodium-3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)-methoxyl]-1-propanesulfonate, Waters, Milford, MA) in 25 mM ammonium bicarbonate, vortexed, and sonicated three times for 30 s. All lysates were centrifuged for 20 min at 15,000 rpm at 4°C. Total protein concentration was measured using a Coomassie (Bradford) protein assay reagent (Pierce). H and L samples were mixed in a 1:1 total protein ratio. Proteins in detergent solution were denatured at 60°C, and the disulfide bonds were reduced with 10 mM dithiothreitol. Following reduction, the samples were alkylated with 20 mM iodoacetamide. Samples were then digested overnight at 37°C with sequencing grade modified trypsin (Promega, Madison WI). A trypsin/total protein ratio of 1:50 was used. The supernatants were dialyzed in 1 mM ammonium bicarbonate with two buffer exchanges, using a molecular cutoff of 3.5 kDa, for 24 h. They were subsequently lyophilized, and a similar procedure as for the analysis of lysates was followed. After digestion, RapiGest SF detergent was cleaved with trifluoroacetic acid, 1% v/v final concentration, and samples were centrifuged at 4,000 rpm. Upon removal of Rapigest, tryptic peptides were diluted to 500 l with SCX mobile phase A (0.26 M formic acid in 5% v/v acetonitrile; pH 2-3) and loaded directly onto a 500-l loop connected to a PolySULFOETHYL A TM column (2.1-mm inner diameter ϫ 200 mm, 5 m, 200 Å, The Nest Group Inc.). The SCX chromatography and fractionation were performed on an HPLC system (Agilent 1100) using a 60-min two-step gradient. An elution buffer that contained all components of mobile phase A with the addition of 1 M ammonium formate was introduced at 10 min and increased to 20% at 30 min and then to 100% at 45 min. Fractions were collected every 1 min from the 20-min time point onward. The resulting 20 fractions (200 l each) corresponding to chromatographic peaks of eluting peptides were collected. Peptides in each fraction were identified by LC-MS/MS as described previously (36) . Briefly, peptides were extracted with 10 l of OMIX C18 MB tips (Varian, Lake Forest, CA), eluted in 5 l of 65% v/v acetonitrile, diluted to 85 l with 0.1% v/v formic acid in pure water, and loaded onto a 3-cm C18 trap column (with an inner diameter of 150 m; New Objective), packed in-house with a 5-m Pursuit C18 (Varian). Eluted peptides from the trap column were subsequently loaded onto a resolving analytical PicoTip Emitter column, 5 cm in length (with an inner diameter of 75 m and 8 m tip, New Objective) and packed in-house with 3 m Pursuit C18 (Varian, Lake Forest, CA). The trap and analytical columns were operated on the EASY-nLC system (Thermo Fisher Scientific, San Jose, CA), and this liquid chromatography setup was coupled on line to an LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA) using a nano-ESI source (Proxeon Biosystems, Odense, Denmark). Each fraction was run using a 90-min gradient, in duplicate, and analyzed in a data-dependent mode in which a full MS1 scan acquisition from 450 to 1450 m/z in the Orbitrap mass analyzer (resolution 60,000) was followed by MS2 scan acquisition of the top six parent ions in the linear ion trap mass analyzer. The following parameters were enabled: monoisotopic precursor selection, charge state screening, and dynamic exclusion. In addition, charge states of ϩ1, Ͼ4, and unassigned charge states were not subjected to MS2 fragmentation. For protein identification and data analysis, Xcalibur software (version 2.0.5; Thermo Fisher) was utilized to generate RAW files of each MS run.
Data Analysis-The resulting raw mass spectra from each pooled fraction were analyzed using Andromeda search engine (MaxQuant software version 1.2.2.2) (37), on the nonredundant IPI human database version 3.62. The raw files from all biological replicates were analyzed simultaneously with MaxQuant. To assess the false-positive rate, a reverse hit database was created by MaxQuant. A false discovery rate (FDR) of 1% was specified. Up to two missed cleaves were allowed, and searches were performed with fixed carbamidomethylation of cysteines, variable oxidation of methionine residues, and N-terminal acetylation. Arg (ϩ6 Da) and Lys (ϩ8 Da) heavy labels were selected. A fragment tolerance of 0.5 Da and a parent tolerance of 20 Da were used, with trypsin as the digestion enzyme. Re-quantification and matching between runs was selected. Protein was identified with a minimum of one unique peptide. Quantification was performed using unmodified unique and razor peptides and a minimum of one counted ratio. The median normalized protein ratios of biological replicates were used for further analyses. Perseus software (version 1.2.0.17) was used to calculate significance A. Lysate experiments were further analyzed to select differentially regulated proteins, as the supernatant yielded 3-4 times fewer protein identifications. Protein was considered to be significantly differentially regulated if its ratio was significant by significance A with p Ͻ 0.01 in Ն2/4 experiments. FDR for proteins calculated with these parameters was 0.0006. This threshold was selected because at this level of significance, and taking into account the total number of proteins (4618), less than three proteins should have been found by chance alone. Proteins that had ratios changing significantly in opposite directions in any of the replicates were eliminated. Additionally, proteins were eliminated if their ratios were above two standard deviations from the mean in the control experiment, where no treatment was applied to either the H or L sample. Individual peptide ratios for all differentially regulated candidates were examined manually. If ratios of proteotypic (unique) peptides of the same protein were changing significantly in opposite directions, or if posterior error probability of peptides was Ͼ0.05, these proteins were not pursued further by SRM. The final list for development of SRM methods included 51 proteins.
SRM-SRM methods were developed for confirmation of protein ratios in cell lysates. SRM is a quantitative analytical assay performed with a triple quadrupole mass spectrometer. It can be used for relative or absolute quantification. Assumption is made that the amount of measured proteotypic (unique) peptide represents the amount of the protein of interest. An SRM assay includes the following steps: sample preparation and digestion of proteins in the biological fluid, liquid chromatography (LC) separation of peptides, ionization of peptides with nanoelectrospray ionization (nano-ESI), filtering of peptides of interest in the first quadrupole (Q1), fragmentation of peptides in the second quadrupole (Q2), filtering of peptide fragments in the third quadrupole (Q3), measurement of several fragment ion intensities, and integration of the ion signals. With state-of-the-art SRM assays, up to 100 peptides representing 100 medium-to-high abundance proteins (10 ng/ml to 1 mg/ml) can be measured simultaneously in the unfractionated digest of proteins, while achieving coefficients of variation under 20%.
Initially, PTPAtlas of the Peptide Atlas was used to select the five most highly observable peptides for each of the top 51 proteins based on the occurrence of ϩ2 ions. Fully tryptic and doubly charged peptides with 7-20 amino acids were chosen. Peptides with methionine, tryptophan, and N-terminal cysteine residues were avoided, whenever possible. All peptides were also analyzed with the Basic Local Alignment Search Tool (BLAST) to ensure that peptides were unique to each protein. A list of 194 peptides corresponding to the top 41 proteins (the remaining 10 proteins were not readily amenable to SRM) was uploaded to Skyline software (38) and was used to design in silico survey SRM methods. Transitions containing y ions from yϩ3 to last ion-1 for both heavy and light peptides were selected (ϳ7 light and 7 heavy transitions per peptide). In addition, nine intense peptides from six high abundance proteins that our group had previously monitored were included to serve as internal loading controls. An equimolar mixture of light and heavy SILAC-labeled PTECs (L-[ 13 C 6 , 15 N 2 ]lysine, ϩ8 Da, and L-[ 13 C 6 ]arginine, ϩ6 Da) was used to experimentally test 2645 transitions. In the first step of method development, 9 -10 peptides and about 100 transitions were included in each survey SRM method and run in a nonscheduled mode with a 20-ms scan time per transition on a 60-min gradient. Q1 was set to 0.2 Thompson (Th) and Q3 to 0.7 Th. Given the low abundance nature of most candidate proteins, and the difficulty in finding peaks in nonscheduled SRM methods, we pursued 18 proteins only. Additionally, the two most consistently observed high abundance peptides with congruent H/L ratios (SYELP-DGQVITIGNER peptide of ␤-actin, and INVYYNEATGGK peptide of tubulin ␤-4B chain) were monitored as internal controls. Nine high abundance peptides all had similar ratios. Thus, in the second step, three peptides and under 50 transitions were included in each of 10 survey SRM methods and run in a nonscheduled mode with 20-ms scans per transition. Q1 was set to 0.4 Th and Q3 to 0.7 Th. We looked for co-elution of all light and all heavy transitions for each peptide. Retention times, relative intensities of peptides, and the three most intense transitions per peptide were recorded (supplemental Table S1 ). Transitions with fragment m/z higher than precursor m/z were preferable, but transitions with lower m/z were not excluded if they had high intensity (especially at proline residue). As a reference to exclude possible interferences, we used the SRM signal of SILAC-labeled heavy cells.
Peptides were separated by a 60-min C18 reversed phase liquid chromatography (EASY-nLC, Proxeon, Odense, Denmark) and analyzed by a triple-quadrupole mass spectrometer (TSQ Vantage, Thermo Fisher Scientific Inc., San Jose, CA) using a nanoelectrospray ionization source, as described previously (39 -41) . Reproducibility of SRM signal was ensured by running a quality control solution of 0.1 fmol/l BSA every 5 runs. Raw files recorded for each sample were analyzed using Pinpoint software (Thermo Fisher Scientific Inc., San Jose, CA), and CSV files with peptide areas were extracted. Pinpoint was used for identification and visualization of transitions, as well as manual verification of co-elution of heavy and light transitions. Skyline was subsequently used for reporting of peptide ratios. Pinpoint and Skyline ratios were concordant. Peptide H/L ratios extracted from Skyline were divided by the H/L ratio of internal standards (to control for the differences in mixing). Protein ratios were calculated as an average of all peptide ratios for each protein (supplemental Table S2 ). If different peptides from the same protein had distinctly different intensities, only the highest intensity peptide was included in the calculation. Collision energy (CE) was calculated in Skyline by using the following equation: CE ϭ 0.03 ϫ (precursor m/z) ϩ 2.905 (42) .
Bioinformatic Analyses-Proteins that had H/L ratios of Ͼ1.2 or Ͻ0.8 (which was Ն2 standard deviations from the mean) in any one biological replicate were included in the enrichment analysis. BiNGO plugin (43) was used to perform the enrichment analysis. Full GO was used as a reference set. Enriched GO terms were then visualized using EM plugin in Cytoscape (version 2.8.2) (44). Gene sets, such as pathways and Gene Ontology terms, are organized into a network called the "enrichment map." In this way, mutually overlapping gene sets cluster together, making interpretation easier. Ingenuity pathway analysis (Ingenuity Systems) was used to define overrepresented pathways and interaction networks.
Western Blot-A subpopulation of labeled SILAC cells was separated into a 6-well plate with each experiment conducted. These cells were serum-deprived for 18 h and then stimulated with control media or sequentially with 20 M Losartan for 30 min, and/or AngII (10 Ϫ7 M) for 5 min. Western blotting was performed for phosphorylated ERK and total ERK as described previously (45) . The primary antibodies against p44/42 ERK and total 44/42 ERK were polyclonal and developed in rabbit (Cell Signaling). The secondary antibody was anti-rabbit antibody developed in goat (Santa Cruz Biotechnology). Mouse kidney Western blotting with HO-1 antibody (Abcam 13243) was performed on fresh frozen kidney tissues. Tissue proteins were solubilized in modified RIPA buffer (150 mM sodium chloride, 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1% v/v Triton X-100, 1% w/v sodium deoxycholic acid, 0.1% v/v SDS) followed by sonication. Total protein was then extracted from supernatant, after centrifugation.
qRT-PCR-Total RNA was extracted from cultured primary PTECs using a kit (RNeasy Mini; Qiagen Canada, Mississauga, Ontario, Canada). RNA was then reverse-transcribed into first strand complementary DNA (cDNA). mRNA expression levels for HMOX1 (Hs01110250_m1), TXNIP (Hs00197750_m1), and DNAJB4 (Hs00199826_m1) were quantified by real time PCR (TaqMan) using a sequence detection system (ABI Prism 7900; Applied Biosystems, Foster City, CA) as described previously (46) . GAPDH (4352934E) was used as internal control. Specific human primer sets were purchased from Applied Biosystems (Foster City, CA).
Enzyme-linked Immunosorbent Assay (ELISA)-Total HO-1 human ELISA DuoSet (R&D Systems DYC3776) was used to assay PTEC HO-1 protein expression. HO-1 protein measurements were adjusted for total protein concentration. To minimize inter-plate variation, HO-1 protein measurements were expressed as ratio of AngII-to-control for each plate. Mouse HO-1 ELISA kit (USCN Life Science Inc. E90584Mu) was used to measure urine HO-1 protein levels. Urine samples were prepared and assayed as per manufacturer's instructions. Urine creatinine was measured by the Jaffé colorimetric method (47) .
Experimental Animals-Mice with a conditional Agtr1a allele were generated as described previously (27, 48) . Briefly, a targeting vector was generated containing a PGK-Neo cassette for positive selection with loxp sites engineered in positions flanking exon 3 of the Agtr1a gene. Correctly targeted 129 ES cell clones were identified by Southern analysis, and the PGKNeo cassette was removed by transient transfection with Flp recombinase. In the presence of Cre recombinase, a null allele was generated. Appropriately modified ES cell lines were expanded and injected into blastocysts to generate chimeras. Germ line transmitting chimeras were bred with wild-type 129/ SvEv mice (Taconic Farms) to generate inbred 129/SvEv Agtr1a flox/ϩ mice. The Pepck-Cre transgene was back-crossed more than 10 generations onto the 129/SvEv background, and these 129/SvEv PEPCK Cre mice were bred with 129/SvEv Agtr1a flox/flox mice to generate proximal tubule knock out (PTKO) mice. The pattern of transgene expression in the proximal tubule was verified by inter-crossing with the ROSA26R reporter line. Agtr1a gene expression, quantified using qRT-PCR, was reduced by 45% in CreϩAgtr1a flox/flox (PTKO) mice compared with Cre-Agtr1a flox/flox controls (p ϭ 0.01). To confirm deletion of AT-1A receptor protein, specific binding of 125 I-[Sar1,Ile8]AngII was examined using quantitative autoradiography. Nonglomerular AT1-specific 125 I-AngII renal cortical binding was markedly reduced by Ϸ40% in kidneys from PTKO mice compared with controls, whereas the extent of glomerular binding was virtually identical between the groups. PTKO and other mice were bred and maintained in the animal facility at the Durham Veterans Affairs Medical Center according to National Institutes of Health guidelines.
One mouse from the PTKO group was excluded from analyses because it had the smallest kidneys and the highest levels of urine and tissue HO-1 expression meeting the criteria of an outlier, by Dixon's Q-test at ␣ ϭ 0.05. We concluded that this mouse was sick due to factors unrelated to genetic manipulation or treatment.
Angiotensin II Infusion-Angiotensin II (Sigma A9525) was dissolved in sterile saline (0.9% NaCl) and infused via osmotic minipump for 15 days at 1000 ng/kg/min. Animals were sacrificed, and kidneys were harvested, weighed, decapsulated, and immediately frozen in liquid nitrogen. A 24-h urine collection was performed at day 13 during AngII infusion. Urine samples were stored at Ϫ80°C.
Immunohistochemistry-Fresh frozen mouse kidneys were cut into sections and stained with HO-1 polyclonal antibody (StressGen Assay, Cedarlane Corp. SPA-895-D). Immunohistochemistry protocol followed ABC kit SC-2018 from Santa Cruz Biotechnology.
Statistical Analyses-All values are reported as mean Ϯ S.E., unless stated otherwise. Statistical comparison between experimental groups was performed using a two-tailed Student's t test. p values Ͻ0.05 were considered statistically significant, unless stated otherwise. Perseus software (version 1.2.0.17) was used for calculation of significance of protein ratios. Benjamini Hochberg correction for multiple testing was applied. Statistical language R (version 2.13.1) was used for selection of candidates and for linear regression. GraphPad Prism 5 software was used for other statistical tests (GraphPad, La Jolla, CA).
RESULTS

SILAC-
The experimental scheme is shown in Fig. 1 . Briefly, PTECs at the 2nd passage were split into two populations and incubated in H or L SILAC media for six doubling times. They were then deprived of serum for 18 h, and subsequently H-labeled cells were stimulated with AngII (10 Ϫ7 M) and L-labeled cells with untreated medium for 8 h. Cell lysates were collected and lysed as described under "Experimental Procedures." The experiment was repeated four times. In three experiments we added AngII to the H-labeled cells, and in one experiment we added AngII to the L-labeled cells (reverse labeling). We performed an additional experiment, in which AngII was added to the H-cells, and we only collected the supernatant. In the final experiment, we labeled cells as H and L but did not add AngII to either H or L cells for control purposes. In each set of labeling experiments, we determined that AngII led to phosphorylation of ERK, as explained below.
Control Experiments-Two control experiments were performed. When AngII engages the AT-1R, PTECs respond by activating a cascade of signaling events, one of which is phosphorylation of ERK. Western blot analysis showed that AngII led to AT-1R-dependent phosphorylation of ERK in comparison with the control cells ( Fig. 2A) . Although phosphorylation of ERK is one of many downstream events initiated by AngII, this was an important confirmation that PTECs exhibited a biological response to AngII. The second control experiment involved labeling PTECs with H and L media and comparing their proteomes, to ensure that the changes in proteome due to the conditioned media were not attributed to AngII stimulus. The distribution of log2 transformed H/L ratios of these proteins is demonstrated in Fig. 2B . Standard deviation (S.D.) of the transformed ratios was 0.33, and this was greater than in the four stimulation experiments, as indicated below. This control experiment was thus underpowered for the purpose of determining variance in the stimulation experiments, although it was still suitable for identifying hypervariable outliers in the absence of stimulation. Hepatocyte nuclear factor 1-␤ was the only protein that had a H/L ratio more than two S.D. outside of the mean in the absence of AngII stimulation and that also subsequently appeared on the list of AngII-regulated proteins. Hepatocyte nuclear factor 1-␤ was thus eliminated from the final list of differentially regulated candidates.
AngII-induced Proteome in PTECs-We identified 5011 proteins and quantified 4975 in the four-cell lysate experiments together with one supernatant experiment (at 1.0% FDR). We then restricted our analyses to the four-cell lysate experiments. The distribution of normalized log2-transformed H/L ratios of these proteins is shown in Fig. 2C . S.D. of the transformed ratios was 0.22. 4618 proteins were quantified, and 83 of these proteins were differentially regulated by AngII, when applying the criteria described under "Experimental Procedures." Those AngII-regulated proteins that were confirmed by SRM are shown in Table 1 . There were 53 up-regulated and 30 downregulated proteins (supplemental Table S3 ). The most significant GO biological process enriched among these 83 proteins was apoptosis, and the most enriched cellular organelle was ER (Table 2) . Biological processes linked to apoptosis were also significantly enriched in the analysis of AngII-regulated proteins from the supernatant (data not shown). The candidate with the most consistent and significant expression in all replicates was heme oxygenase 1 (HO-1), which was up-regulated in all experiments, including the supernatant. HO-1 is induced by oxidative stress and is a known target of nuclear factor (erythroid derived-2)-like 2 (Nrf2) transcription factor. Notably, there were three other proteins directly regulated by Nrf2 as follows: heat shock 40-kDa protein 1 homolog (49), thioredoxin-interacting protein (50) , and ubiquitin-conjugating enzyme E2 R1. The direction of change in expression of these proteins would support increased Nrf2-mediated transcription. Another protein, La ribonucleoprotein domain family member 4, was significantly up-regulated following AngII stimulation. La autoantigen (SSB) can induce rapid Nrf2 translocation to the nucleus (51) and transcription of downstream genes. SSB appears to be a homolog of La ribonucleoprotein domain family member 4 based on sequence similarity (BLAST algorithm), functional similarity from distiller algorithm (both affect nuclear transcription), and co-expression.
SRM Confirms Differential AngII-mediated Protein Expression of Top
Candidates-We next used SRM assays to confirm differential protein expression in response to AngII stimulation in PTECs. As explained under "Experimental Procedures," SRM is a mass spectrometry-based quantitative technique used for relative or absolute quantification. Assumption is made that the amount of measured proteotypic (unique) peptide represents the amount of the protein of interest. With the presence of both heavy-labeled and light-labeled proteotypic peptides, confident identification and quantification of peptides is enabled. SRM assays were developed for 18 candidate proteins. Proteins involved in processes deemed to be important by GO analyses, such as apoptosis, regulation of intracellular kinase activity, regulation of leukocyte migration, and transforming growth factor ␤ binding, were selected. SILAC-labeled PTEC lysates were used to monitor co-eluting heavy and light peptide transitions of all 18 proteins. Heavy and light peak areas were used to calculate AngII-to-control ratios. These ratios were further adjusted by internal peptides, which served as loading controls. Peak areas of peptides of HO-1, neoplastic transformation inhibitor (PDCD4), thrombospondin-1, and Rho-related GTPbinding protein are demonstrated in Fig. 3 . All 18 proteins demonstrated concordant ratios to SILAC experiments ( Table 1) . The supplemental Table S1 displays details of peptides monitored, transitions, retention times, and collision energies. We demonstrated using SRM that 18 of our candidates had concordant ratios to those obtained by SILAC, thus confirming their differential expression in PTECs upon AngII stimulation.
Bioinformatic Analyses-We aimed to better understand the networks and pathways associated with proteins differentially regulated by AngII. We hypothesized that even small changes in protein expression across a large number of proteins may lead to distinct physiological effects. We thus selected proteins with Ͼ20% change in expression upon stimulation with AngII (this was close to 2 S.D. from the mean). This list of proteins was analyzed using the Biological Networks Gene Ontology (BiNGO) plugin (43) of Cytoscape (44) . Cytoscape is a bioinformatic software that allows complex network analysis and visualization. BiNGO plugin is a tool to determine enriched GO terms (biological processes, molecular functions, and cell compartments) in a set of genes or proteins. Using BiNGO, we defined the enriched GO terms, separately for proteins up-regulated and down-regulated in response to AngII. The enriched terms were then visualized by using the EM plugin (52), a tool for functional enrichment visualization, which minimized redundancy thus making results easier to interpret. Cellular response to AngII stimulation is visualized in Fig. 4A . Each circle in Fig. 4A represents a significantly enriched GO term, with red color indicating significance. The inner circle in Fig. 4A represents proteins up-regulated by AngII, and the outer circle represents those down-regulated. Green edges in Fig. 4A indicate that up-regulated proteins are shared by the two GO terms they connect, and blue edges indicate that down-regulated proteins are shared. Regulation of immune response, cell proliferation, and response to stress are enriched processes among the proteins upregulated by AngII, although wound healing and regulation of cell migration are enriched among both up-and down-regulated proteins. Regulation of lipoprotein particle clearance was an enriched process among proteins significantly down-regulated by AngII (Fig. 4B) , suggesting that AngII may play a direct role in regulating clearance of low density lipoproteins in PTECs.
We next used Ingenuity pathway analysis to assess the overrepresented pathways among our 83 AngII-regulated proteins. The top five enriched canonical pathways included the following: mammalian target of rapamycin, p70S6K, phospholipase C, anti-proliferative role of TOB in T-cell signaling, and the superpathway of cholesterol biosynthesis. Nrf2 oxidative stress pathway was also significantly enriched (p ϭ 0.039). Protein networks with scores of Ն34 (equivalent to FDR Յ0.06%) included NFB, PDGF, TGF, and ubiquitin-related networks (data not shown).
Systems Biology Approach to Analyzing the AngII ProteomeWe next took advantage of the post-analysis feature in EM, which allows comparison of enriched GO terms between distinct groups of genes or proteins. We aimed to capture significant functional groups in our protein set that would be reproducible in a similar experiment performed in a different laboratory. Mice with global AT-1R knock-out (KO) and wild type (WT) mice were infused with AngII (53) . The kidneys of these mice were then harvested, and gene expression was examined by microarray analysis. By taking the list of genes that were differentially expressed between the two groups of mice, and overlaying it on top of the EM presented in Fig. 4A , we generated Fig. 4C , which has one distant node containing significant genes from the mouse experiment. The pink edges in Fig. 4C represent overlap between the mouse gene set and the enriched gene sets from our experiment. Five GO terms were thus enriched in both gene sets as follows: regulation of response to stimulus; regulation of immune response; response to stress; organelle lumen; and membrane enclosed lumen. Genes responsible for significance of the term "response to stress" are shown in Fig. 4C . Red arrows in Fig. 4C point to genes in the Nrf2 pathway. HMOX1 (encoding HO-1) is one of these genes and is common to all five enriched nodes shared between the two datasets. HMOX1 was Ͼ8-fold up-regulated in WT compared with AT-1R KO mice following AngII infusion (53) . The systems biology approach demonstrated that HO-1 protein and Nrf2 pathway are functionally important in response of the kidney to AngII. PTECs-HO-1 was consistently up-regulated in the presence of AngII in our SILAC experiments, and it was one of the key proteins in our systems biology analysis. We thus proceeded to verify HO-1 protein up-regulation by ELISA in PTECs. PTECs were cultured to passage 6 in standard medium. They were then serum-deprived for 18 h and subsequently stimulated with AngII (10 Ϫ7 M) or control for 8 h. AngII-stimulated cell lysates exhibited significantly higher HO-1 protein expression compared with controls (p ϭ 0.012) (data not shown). We thus confirmed that AngII leads to up-regulation of HO-1 protein in primary PTECs.
Verification of HO-1 Protein and mRNA Up-regulation by AngII in
We next examined whether HO-1 was regulated by AngII at the level of transcription by qRT-PCR. PTECs at passage 6 were serum-starved and then treated with control or AngII for 4 h. HMOX1 was significantly up-regulated following AngII stimulation (p ϭ 0.018) (data not shown). Two additional Nrf2-target genes were examined. TXNIP was significantly down-regulated by AngII treatment (p ϭ 0.025) (data not shown), a result concordant with SILAC protein expression data. DNAJB4 was not regulated at the level of transcription in AngII-treated PTECs (p ϭ 0.33). These data suggest that AngII regulates HO-1 and thioredoxin-interacting protein mRNA levels either by influencing their transcription or affecting their stability.
In Vivo Studies of HO-1-Using a systems biology approach, we demonstrated that HO-1 up-regulation was likely AT-1R-dependent, and we verified AngII-mediated up-regulation of HO-1 in PTECs. We next examined whether HO-1 protein expression was increased following AngII infusion in the kidneys of mice with PTEC-specific AT-1R knock-out (PTKO), whether this increase was AT-1R-dependent, and finally, whether we could measure HO-1 in urine. Mice with AT-1R PTKO had been generated and characterized previously (27) . AT-1R PTKO mice and control littermates (WT) were infused with AngII (1000 ng/kg/min) for 15 days. Immunohistochemistry of AngII-treated WT mouse kidneys demonstrated increased HO-1 expression in cortex relative to medulla (Fig.  5A ). Intense cortical staining was observed predominantly in the proximal tubules (Fig. 5B) . To quantify HO-1 expression, we performed Western blotting of kidney tissues. Blot images and densitometry are presented in Fig. 6A . WT mice showed a clear trend toward higher HO-1 renal expression levels compared with AT-1R PTKO mice (p ϭ 0.11).
Finally, we evaluated urine HO-1 protein excretion in WT and AT-1R PTKO mice. Urine had been collected on day 13 of AngII infusion. Box and whiskers plot showing HO-1 urine protein excretion adjusted for urine creatinine is displayed in Fig.  6B . A clear separation between the two groups is depicted, with a trend toward higher HO-1 excretion in the WT compared with PTKO animals (p ϭ 0.12). There was a positive linear correlation between tissue and urine HO-1 protein levels (Fig.  7) , so that for every unit increase in tissue HO-1, there was a 194 pg/mol creatinine increase in urine HO-1 (p ϭ 0.048).
DISCUSSION
This study was designed to develop markers of AngII activity in the kidney. Our specific goal was to capture an "AngII protein signature" in vitro that reflected an early and consistent response of the PTEC to AngII. Three major aims of our study were as follows: 1) to define the proteome of AngII-stimulated PTECs; 2) to use systems biology to define the key biological processes mediated by AngII-regulated proteins; and 3) to extend in vitro observations in PTECs to in vivo observations in the kidney.
To address our first aim, we utilized SILAC methodology (35) , which is the current standard for accurate relative quantification of entire cellular proteomes by mass spectrometry. We identified over 5000 proteins, most of which were also quantified, thus providing a unique depth of insight into PTEC responses to AngII. The strengths of our approach include excellent proteome coverage using extensive fractionation, instruments with high sensitivity and accuracy, multiple biological replicates and use of reverse labeling, and control experiments to minimize false-positive hits. Additionally, AngII-regulated proteome represents PTEC responses from three distinct individuals, thus signifying true biological variability, not typical of transformed cell culture models. To the best of our knowledge, this is the first effort to date to characterize proteomic responses of human kidney cells to AngII stimulation.
SILAC results for some AngII-regulated proteins were confirmed by SRM assay. Most of the proteins regulated by AngII were found at low abundance in PTECs. We thus selected 18 candidates, based on their convincing expression or their presence in biological processes of interest. All 18 of these had concordant relative expression when measured by SILAC and SRM, thus adding strength to our discovery approach.
To address our second aim, we used a systems biology approach to demonstrate biological processes fundamental in PTEC response to AngII. The dominant biological process identified among our 83 differentially regulated proteins was apoptosis, and the most enriched cellular compartment was ER. Furthermore, we demonstrated that response to stress and "wound healing" were some of the prominent AngII-driven biological processes. The common thread to these enriched GO terms is oxidative stress leading to ER stress and unfolded protein response, which could trigger apoptosis. The processes of apoptosis and oxidative stress were represented among the 18 proteins confirmed with SRM. The cascade leading from oxidative stress to apoptosis was indirectly linked to RAS in the kidney (54) . AngII was previously shown to induce apoptosis in PTECs (55) (56) (57) , as well as in other kidney cells (58, 59) . The importance of our observations that apoptosis and oxidative stress dominate early PTEC responses to AngII is that we performed an unbiased search for differentially regulated proteins, which was not the case in any of the previously published studies. It may be of interest that processes involved in low density lipoprotein (LDL) clearance were enriched among proteins down-regulated by AngII. Kidney participates in the metabolism of lipoproteins (60) but is also a target of lipoprotein accumulation, which may participate in disease progression (60, 61 ). An increase in PTEC cholesterol content after acute kidney injury was deemed cytoprotective by maintaining plasma membrane integrity (62) . Our work hints at the direct role AngII may have in impairing LDL clearance from renal tissue.
We next analyzed significant pathways and networks defined by our AngII-regulated proteins. The top canonical pathways and networks were congruent with prior understanding of AngII effects on the kidney, particularly its role in proliferation (63) , hypertrophy (64), hypertension (65) , inflammation (66, 67) , and fibrosis (67) (68) (69) (70) (71) .
We sought to validate our in vitro observations related to AngII-regulated proteins in an in vivo model using a systems biology approach. We examined which enriched functional groups of proteins from our experiment were also significant in a dataset of differentially expressed kidney genes from the AngII-infused WT mice and AT-1R KO mice. Five functional groups were common to both datasets, suggesting common and potentially fundamental findings across two experimental platforms. HO-1 was the most prominent individual protein regulated by AngII in our SILAC experiments, and it was also present in all five functional groups of genes. We thus verified HO-1 protein up-regulation in PTECs by ELISA, and HO-1 mRNA up-regulation by qRT-PCR. Prior studies support our observations related to HO-1. Nath and co-workers (72) first described HO-1 up-regulation in rat PTECs in response to AngII both in vitro and in vivo and demonstrated that hemedependent stabilization of Nrf2 was responsible for HO-1 induction (73) . AngII-induced HO-1 up-regulation was demonstrated in vivo in animal models of kidney disease by other groups (74 -76) . Increased renal immunostaining for HO-1 correlated with AngII and angiotensinogen immunostaining in biopsies of humans with IgA nephropathy (77) . We believe that our study is the first to demonstrate HO-1 up-regulation by AngII in primary human kidney cells. Nrf2 target proteins appeared important based on direct SILAC data, and also based on bioinformatic analyses. Nrf2 is a transcription factor that becomes phosphorylated in the cytoplasm in response to oxidative stress, and it translocates to the nucleus, where it results in transcription of multiple genes responsible for reduction of oxidative damage, repair, and removal of damaged proteins, and activation of phase I-III-detoxifying proteins. HO-1, a key Nrf2-target protein, emerged as an important protein in cellular response to AngII based on our in vitro evidence and in vivo evidence from mice with global AT-1R KO.
Based on these observations, we went on to examine whether AngII effects in PTECs in vitro were relevant in mice with PTEC-specific AT-1R KO in vivo. These mice were chosen because they fully recapitulated our in vitro model and because they enabled us to test whether at least some of the effects of AngII were AT-1R-dependent. In addressing our third aim, we demonstrated that mice with AT-1R PTKO had a trend toward lower HO-1 kidney protein expression, suggesting that AngII up-regulates HO-1 in mouse kidneys via AT-1R and that PTECs contribute substantially to kidney HO-1 content. The literature suggests that HO-1 is only weakly expressed in the healthy kidney, and its expression is localized to proximal and distal tubules, the loop of Henle, and medullary collecting tubules (78) . Upon injury, HO-1 is up-regulated in the tubules. Despite this broad tubular expression of HO-1, we found a trend in difference in HO-1 expression between AT-1R PTKO and WT mice following AngII infusion even when genetic manipulation was limited to proximal tubules. Moreover, AT-1R gene deletion with Cre recombinase resulted in only 50% reduction in gene expression, which likely also accounted for the lack of significance in HO-1 expression between the two mouse groups. We suggest that AT-1R was responsible for AngII-mediated HO-1 induction. Several other studies have corroborated this observation (74, 76, 79) .
Our final aim was to relate differences in tissue expression to changes in urine excretion. We demonstrated that HO-1 protein was measurable in urine of mice during AngII infusion and displayed a trend toward lower excretion in animals with AT-1R PTKO compared with WT mice, which was paralleled by the findings in kidneys of these same animals. HO-1 protein excretion in urine is low or undetectable in normal humans and mice, but it was increased in humans and animals with acute kidney injury (80) , another setting where RAS activation may contribute to kidney injury. 5 HO-1 protein expression was also increased in tubular cells isolated from the urine of patients with tubulointerstitial disorders (81) . Finally, we found a direct linear relationship between kidney HO-1 protein expression and urine HO-1 excretion, suggesting that HO-1 excreted in urine is determined by its renal production. These findings suggest that novel markers of RAS activity in PTECs of the kidney can be measured in urine.
The literature addressing markers of RAS activity in the kidney has focused primarily on measuring urine excretion rates of angiotensinogen. Angiotensinogen is a precursor protein that is enzymatically cleaved by renin to generate angiotensin I, which is subsequently cleaved by angiotensin-converting enzyme to generate AngII. Several studies have reported increased urinary angiotensinogen excretion in patients with CKD, and in a few studies angiotensinogen excretion correlated with CKD progression (82) (83) (84) (85) (86) (87) (88) . The rationale for measuring substrate levels is that the plasma angiotensinogen level is poised near the K m values for cleavage by renin, with the consequence that alteration of angiotensinogen levels also affects the formation of AngII (89) . Nonetheless, intra-renal RAS is complex, and substrate measurements likely do not represent the true degree of RAS bioactivity (90) . We provide the first evidence of "AngII signature proteins" differentially expressed by PTECs, which could prove useful as markers of AngII activity in the kidney.
Despite our novel findings, our study has several limitations. Most significantly, we studied PTEC responses to AngII at a single time point, and the expression levels of proteins are likely to be dynamic rather than static. Although we studied a single time point, the variety of processes detected have been implicated in AngII-related and CKD processes. The secretome analysis was limited to a single replicate and thus could contribute only marginally to the overall findings. Some proteins were not amenable to SRM quantification due to their low expression levels in PTECs. Finally, our study was limited by the availability of kidney tissue and urine samples from mice with AT-1R PTKO.
In conclusion, we present the first study of human primary PTEC responses to AngII. We identified and confirmed 18 AngII signature proteins, which revealed biological processes of AngII activity. HO-1 emerged as the top AngII-regulated candidate in our in vitro and systems biology approaches. HO-1 was also regulated by AngII in vivo, and this was reflected in urinary measurements. These findings suggest that AngII signature proteins measured in urine may represent markers of AngII bioactivity in the kidney in patients and in experimental models.
